+ salt of poly(acrylic acid) (NH 4 -PAA) and methyl cellulose polymer solutions at pH 9 were measured by colloid probe technique. The effect of water soluble methyl cellulose, with and without the presence of surfactant (NH 4 -PAA), on the surface forces was probed to understand the binding action of methyl cellulose between particles. Two types of cantilevers were used to probe the surface forces in the presence of adsorbed polymers at various concentrations. Strong polymer concentration dependence of surface forces was found. At high polymer concentrations due to the high coverage of surfaces, repulsive forces dominated the interaction. Methyl cellulose bridges have been measured up to~300 nm. The pretreatment of surfaces with NH 4 -PAA resulted in much lower number of bridging events on retraction.
Introduction
DLVO (Derjaguin, Landau, Verway and Overbeek) theory states that ceramic particles could be dispersed in water if there is strong electrostatic repulsive force to overcome the attractive van der Waals forces.
1) However, just relying on the bare surface properties is usually not enough in ceramic processing. Because ceramic compacts are non-plastic when mixed with water, making shaping almost impossible, unlike clay. Therefore, small or long chained surfactants or neutral polymers are employed to induce stability to colloidal dispersions. They are also needed as temporary bonding media to provide green strength and plasticity.
The need for organic binders arises because most technically important ceramics do not have the ability to hold water, rendering them non-plastic. However, with the incorporation of organic polymers as ceramic processing aids plasticity, viscosity, cohesiveness, and lubricity can be modified.
2) Methyl cellulose is well known for its gel forming ability. Furthermore, methyl cellulose polymers are surface active, nonionic and nontoxic. 3) They have the unique ability to gel thermally which imparts high cohesive and green strength to powder compacts. 4) With the increase of temperature water holding ability is lost so is the gel structure and viscosity of polymer solution decreases. Methyl cellulose was chosen because of its unique combination of properties, that the material scientist taking advantage of during processing of ceramics, that is not available with other synthetic binders or natural gum. 2) There has been long interest to understand the role of organic additives in ceramic processing. 5),6) Among them, NH 4 + salt of poly(acrylic acid) (NH 4 -PAA) and methyl cellulose are popular, the former is a polyelectrolyte and the latter is a linear chained un-charged molecule. Both of them are soluble in water. There have been many published works on the use of PAA in ceramic processing, and it is a well known fact that it adsorbs to the alumina surface and shifts the isoelectric point from pH~9.1 tõ 4, rendering dispersion possible around neutral pH values.
7)
The rheology of a slurry or powder compact is directly related to the forces between particles. 8) Because, interparticle forces quantify how much the particles in the suspension approach each other and how strongly they are bonded to each other. Any precaution that modifies the surface structure has a direct effect on the forces between them. So, the quantification of surface forces is very important in the study of rheology of ceramic powders.
The purpose of this study was to measure forces in thin water soluble polymer layers adsorbed, or confined between solid surfaces. Forces on approach and retraction have been monitored to understand the role of methylcellulose in inducing plasticity and binding action in ceramic processing. The technique used to probe the forces is called colloid probe technique.
9) It is a method to detect interactive forces between two solid surfaces using an atomic force microscope (AFM). In this paper the effect of water soluble methyl cellulose, with and without the presence of surfactant (NH 4 -PAA), on the surface forces was discussed to understand the binding action of methyl cellulose between particles.
Materials and methods
The as received ¡-alumina (d mean = 9.9¯m, Admatechs Co., Ltd.) particles were first washed repeatedly in a 1 mass% sodium hexametaphosphate (Na 6 P 6 O 18 ) solution in an ultrasonic bath to separate out unwanted small particles and then re-suspended and stored at pH 3.5 for further use. 10),11) Double distilled water (Auto Still WG222, Yamato Scientific Co., Ltd.) which was passed through a reverse-osmosis unit (EasyPure RF, Barnstead/ Thermolyne Corp.) with a resistivity of 18.3 M³-cm was used in all cleaning and solution preparation procedures. Colloid probe was prepared by carefully picking spherical ¡-alumina particle by a micromanipulator (M501-1202-M, Suruga Seiki Co., Ltd.) which is then glued (Araldite AR-R30, Nichiban Co., Ltd.) to the tipless AFM cantilevers. Two different types of cantilevers with rectangular cross sections and normal force constants of~2 and 0.2 N/m (TL-FM50, TL-CONT50, Nanosensors) were used to probe the surface forces. The resonance frequencies of the cantilevers and sensor response were obtained via standard AFM operating procedures. Using beam mechanics, the normal force constants were calculated from these data.
12) The glued ¡-alumina particle diameters were 10 to 13¯m in range. Just prior to force measurements, the alumina colloid probe, c-sapphire substrate (Shinkosha Co. Ltd.) and the AFM liquid cells were UV-plasma (PL16-110D, Sen Light Corp.) treated to remove surface organics and make the surface hydrophilic.
An AFM apparatus (SPA 400, SII Nanotechnology Inc.) equipped with a liquid cell was used. Normal forces were probed in different concentrations of polymer solutions. The polymers used to prepare the solutions were either NH 4 -PAA (MW~8000, Aron A6114, Toagosei Co., Ltd.) or methyl cellulose (Metolose SM-1500, Shin-Etsu Chemical Co., Ltd.). Forces between surfaces were also measured between NH 4 -PAA pretreated alumina surfaces in methyl cellulose solutions at different concentrations of methyl cellulose.
The deflection signals are then converted to force (F) vs. distance (D) curves by using cantilever stiffness which was measured following the protocol of Sader.
12) The ¡-alumina colloid probe surface and c-sapphire surface were equilibrated in the liquid cell for 30 min before taking any measurement. During force measurements, the approach and retraction speeds were kept constant at 20 nm/s, so that repulsive hydrodynamic forces could be neglected.
13) The total piezo displacements were up to 800 nm. All measurements were carried out at room temperature. The normal force-distance curves were average of 5 measurements obtained using the same colloid probe at different spots on the c-sapphire surface unless otherwise stated.
Results and discussion

Force curves on approach
The measured forces between ¡-alumina probe and c-sapphire surfaces in aqueous solution of 0.1 mass% NH 4 -PAA at pH 9 are shown in Fig. 1 . The obtained force curves were normalized (F/2³R) by radius of the probe (R) because the area over which the interaction takes place affects the force.
9) Both approach and retraction curves are shown on the same graph which can barely be distinguished. Under such a condition the force curves were hysteresis free. From Fig. 1 , it is clear that there were no surface forces between the studied surfaces when the distance was large enough. A repulsive interaction was encountered at a distance at about~15 nm and never turned to be attractive, that is no jumpin was observed at all. NH 4 -PAA adsorbs to the alumina surface and shifts the isoelectric point to acidic range and imparts negative charge to the alumina surfaces. So, the interaction between alumina surfaces is electro-steric in origin rather than just steric, in NH 4 -PAA solutions. There is no adhesion between surfaces as well, but this depends on the measurement conditions, surface coverage, how strongly the surfaces are pushed to each other etc.
In Fig. 2 approach curves at various methyl cellulose concentrations are shown. The full length of methyl cellulose was above 2¯m, as evaluated by high performance liquid chromatography. Considering the value, the molecules must have adopted the loop and tail configurations. The interaction distances were larger than the ones given in Fig. 1 , because of the larger size of the methyl cellulose molecule. On normal approach repulsive force dominated the attractive van der Waals forces due to the steric effect of the adsorbed polymer layers. At higher methyl cellulose concentrations the interaction distance was further apart. It is difficult to attribute this behavior to a specific reason, because there may be multiple causes. The methyl cellulose adsorption density on the surfaces might be high, forming a thicker layer as compared to the one at low concentrated solution. The free methyl cellulose (the ones that are not adsorbed to any surface) in the solutions might have an effect as well. The free methyl cellulose in the solutions requires an extra work to be taken away from the approaching surfaces. The net effect will be a stronger repulsive force in more concentrated solutions.
The interactions were repulsive at all separation distances and no adhesion between surfaces was observed. The force-distance curves were hysteresis free as well. The forces were repulsive even on retraction. However, this behavior does not account for the presence of yield stress usually observed in methyl cellulose mediated interactions. From those behaviors, if not adhesion, at least polymer bridging between particles should be expected. It should be kept in mind that the force curves shown in Fig. 2 were measured with a relatively stiff cantilever (TL-FM) whose spring constant was k~2 N/m. So, similar measurements were carried out with a relatively less stiff cantilever (TL-CONT) whose spring constant was k~0.2 N/m. Cantilevers with lower spring constant are more sensitive to forces. 
Approach Retraction
Force curves on retraction
In Fig. 3 force-distance curves on retraction measured with TL-CONT type cantilevers are shown. Instead of a smooth retraction curve, interrupted retraction curves were obtained. Five different retraction curves are shown in Fig. 3 . As it can be seen, each retraction curve was unique and it was meaningless to average them as it is usually done for force curves due to the broad distribution of loops and tails.
There are multiple interrupted events which were due to the methyl cellulose bridging. At each interruption methyl cellulose adsorbed from the two ends to each alumina surface was lost after some stretching. In order to understand the exhibited behavior, adsorbed polymer configurations on a surface had to be considered.
For a homopolymer, which is the case for methyl cellulose, each monomer has the same interaction with the substrate.
Therefore, when spontaneously adsorbed on the surface of particles they usually adopt a configuration known as loops and tails. The 'tail', 'train' and 'loop' sections of the adsorbing chain are shown in Fig. 4 . Methyl cellulose bridging is drawn schematically to simulate real measurements as well. On this drawing, polymer sections that are tightly bound to the surface (trains), sections that form loops, and end sections that can form dangling tails are distinguishable features. The size of the loops and tails shows a broad distribution.
14),15) Displacement as much as 800 nm was probed to measure the bridging lengths between surfaces. Contour lengths, which are the maximum possible stretching of polymers, over~300 nm were measured with less stiff cantilevers.
In Fig. 5 SEM image of alumina particles is shown which were dispersed in methyl cellulose solutions before dried. The bridges between particles are not similar to the ones probed with a colloid probe but may be viewed as the affinity of methyl cellulose to alumina surfaces.
Forces between polyelectrolyte treated surfaces
The forces between surfaces in multiple polymer solutions are also of interest in practice, especially, the effect of the polyelectrolyte on surface forces in the presence of a large non-ionic polymer. Therefore in this study, surface forces between NH 4 -PAA modified surfaces in methyl cellulose solutions were monitored as well. NH 4 -PAA was chosen because of non-ionic character of methylcellulose.
3) It is not expected to interact with dispersants, emulsifiers, or other processing additives. If PAA preferentially adsorbs on the alumina surface then the interaction of methyl cellulose and alumina surfaces could be controlled depending on the level of coverage with the dispersant, which would have a direct impact on the plastic behavior of ceramic dispersions.
From Fig. 1 and Fig. 3 the adsorption of not only of NH 4 -PAA but also of methyl cellulose to alumina surfaces was confirmed. How would surface forces be affected if alumina surfaces were pretreated in NH 4 -PAA solution before force measurements in methyl cellulose solutions? In Fig. 6 force distance curves, on retraction, between ¡-alumina probe and NH 4 -PAA pretreated c-sapphire surfaces in methyl cellulose solution are shown. The c-sapphire substrate was soaked in 0.1 mass% NH 4 -PAA solution for 30 min, rinsed with water and subjected to the force measurements. If compared with Fig. 3 , the retraction curves were not interrupted but smooth even though similar cantilevers were used. There was a huge amount of reduction in the number of bridging events if alumina surfaces were pretreated with NH 4 -PAA. It is highly likely that NH 4 -PAA adsorbs preferably to alumina surface than methyl cellulose.
Conclusions
In today's ceramic processing practice, polymers are needed because they provide the green strength and plasticity to flocs. Polymers function as bridges between particles. The bridging of methyl cellulose between alumina surfaces were shown for the first time to our knowledge. The extent and strength of bridging event, which is an indication of adsorption affinity of methyl cellulose, must be very critical and unique to methyl cellulose for it to be used so frequently. It is necessary to use cantilevers with enough sensitivity to forces to probe the bridging events. NH 4 -PAA pretreatment reduced the number of bridging events due to methyl cellulose adsorption on the alumina surfaces. In multiple polymer solutions, not only the polymerpolymer interactions but also the relative affinity of one molecule to adsorption is critical as well. 
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